Abstract. N-myc downstream-regulated gene 1 (NDRG1) is known as tumor/metastasis suppressor in a variety of cancers including pancreas, being involved in angiogenesis, cancer growth and metastasis. However, the precise molecular mechanism how NDRG1 exerts its inhibitory function in pancreatic cancer remains unclear. In this investigation, we demonstrated that K-Ras plays a vital role in modulating NDRG1 protein level in PDAC cancer cells in vitro, which is mediated through ERK signaling. Noteworthy, K-Ras downstream Akt/mTOR signaling is inhibited upon NDRG1 overexpression, resulting in decease of HIF1α level. Moreover, NDRG1 has a unique role in modulating cancer metabolism of pancreatic ductal adenocarcinoma (PDAC). The mechanism accounting for NDRG1 in modulating aerobic glycolysis, at least partly, relied on its regulation of glycolysis genes including GLUT1, HK2, LDHA and PDK1. Additionally, NDRG1 is shown to suppress the activity of HIF1α, which is responsible for regulation of glycolysis enzymes. The current study is the first to elucidate a unique facet of the potent tumor/metastasis suppressor NDRG1 in the regulation of PDAC glycolysis, leading to important insights into the mechanism by which NDRG1 exert inhibitory function in PDAC.
Introduction
As one of the most lethal and aggressive cancers, pancreatic ductal adenocarcinoma (PDAC) is associated with a very poor prognosis (1) . As such, it remains a clinically challenging disease to treat with a 5-year survival rate of 5%, despite that continual improvements have been made in therapies in recent decades (1) . PDAC has several defining features that influence its aggressive biology and resistance to multiple therapeutic modalities, which is characterized by a distinct and exuberant stromal reaction (desmoplasia), together with the poor vascularization, creating a highly hypoxic and nutrient-poor microenvironment, accompanied with genomic complexity and an altered metabolism (2, 3) . Moreover, the aforementioned tumor biology of PDAC contributes to uncontrolled cancer growth, early metastasis and recurrence, resistance to chemotherapy and radiotherapy, and finally short survival (1, 3) .
Metabolic alterations have been regarded as a hallmark of cancer cells, which is an important research area that has gained increasing attention in recent years (4) . Unlike majority of normal cells which depend on mitochondrial oxidative phosphorylation to provide energy, cancer cells apply aerobic glycolysis as their primary energy resource (4) . Several molecules, including Oncogenic K-Ras, hypoxia-inducible factor 1α and c-Myc, have been suggested to play important roles in promoting glycolysis and thus be involved in 'metabolic reprogramming' in the cancer cells (5) (6) (7) (8) . Oncogenic K-Ras mutation, which occurs in typical cases, is the signature event in PDAC, serving a critical role in tumor initiation (5) . There are considerable evidences showing that K-Ras also plays vital roles in metabolic changes in PDAC cancer cells and promotes cancer development by inducing mitochondrial dysfunction (5) . The HIF1α pathway enables tumor cells to survive by changing glucose metabolism toward a glycolytic phenotype, regulating pH balance and proliferation rate, and eventually angiogenesis (6) . c-Myc induces aerobic glycolysis by enhancing glucose uptake and lactate production as well as providing glycolytic intermediates for nucleotide, amino acid, and lipid biosynthesis (7, 8) . In this regard, an understanding of cellular metabolic derangements in PDAC could lead to novel therapeutic approaches. N-myc downstream regulated gene 1 (NDRG1) (also known as Drg1, RTP, Rit42, PROXY-1 or Cap43), a member of the NDRG family, has been well described as a tumor/metastasis suppressor in a number of cancers (9), including pancreas (10) . It is believed that NDRG1 participates in suppression of tumourigenesis or carcinogenesis (10) . However, it is unclear whether NDRG1 is involved in cancer metabolism changes, which is a critical aspect during carcinogenesis and metastasis. Previously, we demonstrated NDRG1 exerts inhibition of colonic and prostate cancer cell migration by blocking Src activation (11) . Of note, studies revealed that Src regulate breast cancer cell glucose metabolism by reducing c-Myc translation and transcription of the glucose transporter GLUT1 (12) . Therefore, it is reasonable to speculate NDRG1 may play a role in cancer cell metabolism regulation. In this study, we examined whether NDRG1 expression could play any role in PDAC cancer cell metabolism. Moreover, we also investigated the potential target molecules of NDRG1 involved in the regulation of PDAC cancer cell metabolism.
A new facet of NDRG1 in pancreatic ductal

Materials and methods
Cells and reagents.
The human pancreatic cancer cell lines MIA PaCa-2 and PANC-1 cells were obtained from ATCC and cultured in DMEM supplemented with 10% FBS. All of the cell culture media contained 100 U/ml penicillin and 100 mg/ml streptomycin. iKras cell lines expressing K-Ras G12D upon doxycycline (Dox) treatment was generously provided by Professor Paul J. Chiao from MD Anderson Cancer Center. Doxycycline and MAPK inhibitor U0126 were obtained from Selleck and used at a final concentration of 2 µg/ml and 10 µM, respectively.
Plasmid and stable cell line generation. In order to over express NDRG1 in MIA PaCa-2 and PANC-1 cells, we generated NDRG1 overexpression constructs. pCDH-CMV-MCS-EF1-Puro (System Biosciences) plamid was used to generate NDRG1 expression constructs. NDRG1 lentiviral expression construct was co-transfected with psPAX2 and pMD2.G into HEK293T cells to produce lentiviral particles. Stable cell lines were obtained by infection with lentiviral particles and followed by puromycin selection.
siRNA transfection. In order to silence ERK1 expression in pancreatic cancer cells, we silenced ERK1 expression by using siRNA mediated silencing. siRNA targets against ERK1 were CCUGCUGGACCGGAUGUUA and UCAUGGAGA CAGACCUGTA, respectively.
Cell proliferation assay and colony formation assay. Cell proliferation was examined using water-soluble tetrazolium salt assay using the Cell Counting Kit-8. In short, cells (1.5x10 3 /well) were seeded in 96-well culture plates in triplicate and incubated for 4 days at 37˚C/5% CO 2 in a humidified incubator. Viable cells were quantified at each 24 h interval by measuring OD 450 using microplate reader.
Cells were seeded in triplicate in 6-well plates at an initial density of 500 cells/well. After 10-14 days, colonies were clearly visible, and the cells were fixed with 4% paraformaldehyde for 15 min at room temperature and stained with 4 mg/ml of crystal violet. The colonies containing more than 50 cells were counted using light microscopy. The average number of colonies was determined from three independent experiments.
Western blotting. Western blotting was carried out as previously described (13) . Briefly, whole-cell protein lysates were extracted, separated by SDS-PAGE and followed by immunoblotting. Antibodies used were purchased from designated manufacturers, NDRG1 ( Oxygen consumption rate and extracellular acidification rate. Cellular mitochondrial function was measured using the Seahorse XF Cell Mito Stress test kit and the Bioscience XF96 Extracellular Flux Analyzer, according to the manufacturer's instructions. The glycolytic capacity was determined using the Glycolysis Stress test kit as per the manufacturer's instructions. Briefly, 4x10 4 cells were seeded onto 96-well plates and incubated overnight. After washing the cells with Seahorse buffer (DMEM with phenol red containing 25 mmol/l glucose, 2 mmol/l sodium pyruvate, and 2 mmol/l glutamine), 175 ml of Seahorse buffer plus 25 ml each of 1 mmol/l oligomycin, 1 mmol/l FCCP, and 1 mmol/l rotenone were automatically injected to measure the oxygen consumption rate (OCR). Then, 25 ml each of 10 mmol/l glucose, 1 mmol/l oligomycin, and 100 mmol/l 2-deoxy-glucose were added to measure the extracellular Table I . Primers used in RT-PCR analysis.
Gene
Primer sequence
The primers of GLUT1, HK2, LDHA, PDK1 and β-actin analyzed by RT-PCR.
acidification rate (ECAR). The OCR and ECAR values were calculated after normalization to the cell number and are plotted as the mean ± SD.
Quantitative real-time PCR. Total RNA was extracted using TRIzol reagent (Invitrogen). cDNA was synthesized by reverse transcription using a Takara PrimeScript RT reagent kit. The expression status of candidate genes and β-actin were determined by quantitative real-time PCR using an ABI 7900HT Real-time PCR system (Applied Biosystems). The reactions were run in triplicate. Primer sequences are listed in Table Ⅰ .
Hypoxia response element (HRE) activity reporter assay. HRE activity was measured using a Dual-Glo Luciferase Assay System according to the manufacturer's protocol (Promega, E2920). HRE-Luciferase reported construct containing three hypoxia response elements from the Pgk-1 gene was obtained from Addgene (Addgene Plasmid 26731) (14) .
Tissue specimens. The clinical tissue samples used in this study were obtained from patients diagnosed with pancreatic cancer at Fudan University Shanghai Cancer Center from 2010 to 2015. Prior patient consent and approval from the institutional research ethics committee were obtained.
Statistical analysis.
Experiments were repeated at least three times. All data are presented as the mean ± SD. Two-tailed unpaired Student's t-tests and one-way analysis of variance were used to evaluate the data. SPSS version 16.0 software (IBM) was used for the data analysis. Differences were considered significant at P<0.05.
Results
K-Ras downregulates NDRG1 expression via ERK1 in PDAC.
Considering that K-Ras mutation is the signature of typical PDAC, we conducted experiments to elucidate the expression of NDRG1 in K-Ras network. By inducing oncogenic K-Ras expression in iKras cells, we observed that upon the presence of mutant K-Ras expression, the protein level of NDRG1 decreased significantly, indicating that NDRG1 might be a downstream effector of oncogenic K-Ras (Fig. 1A) . It is well studied that oncogenic K-Ras mutation resulted in constitutive activation of MAPK, therefore, we examined the effect of MAPK on NDRG1 expression. We silenced ERK1 (MAPK3) expression in K-Ras mutated MIA PaCa-2 and PANC-1 cells, and observed that protein level of NDRG1 increased when ERK1 was silenced, indicating that NDRG1 may serve as a downstream target of Ras/MAPK signaling pathway (Fig. 1B) . Next, we treated MIA PaCa-2 and PANC-1 cells with MAPK inhibitor UO126 and observed that NDRG1 protein level increased in UO126 treated cancer cells (Fig. 1C) . Taken together, these results suggest that NDRG1 might be a downstream target of oncogenic K-Ras/MAPK axis.
Elevated NDRG1 expression suppresses proliferation of pancreatic cancer cells in vitro.
To verify the suppressive function of NDRG1 in terms of inhibiting proliferation in pancreatic cancer, two pancreatic cancer cell lines, MIA PaCa-2 and PANC-1, were utilized and infected with NDRG1 overexpressing lentiviral particles. The transfected MIA PaCa-2 and PANC-1 cells demonstrated a significant increase in NDRG1 expression relative to their empty-vector-infected control cells ( Fig. 2A) . CCK-8 assay was then performed to determine the growth repression role of the potent metastasis suppressor NDRG1. As indicated, the growth of MIA PaCa-2 was remarkably reduced with NDRG1 overexpression, relative to MIA PaCa-2 empty-vector control cells. Similar result was observed in the other pancreatic cancer cell line PANC-1 (Fig. 2B) . To further assess the effects of NDRG1, the role of NDRG1 expression on cell proliferation was further investigated by a subsequent colony formation assay, in which MIA PaCa-2 and PANC-1 cancer cell colonies were markedly (P<0.05) decreased upon NDRG1 expression, relative to their empty-vector-transfected control cells ( Fig. 2C and D) . These data confirmed that NDRG1 inhibits proliferation and colony formation of pancreatic cancer cells in vitro, which is in good agreement with previous study (10) .
NDRG1 decreases HIF1α expression through MAPK and Akt/ mTOR signaling. The ERK1 (MAPK3) and Akt/mammalian target of rapamycin (mTOR) signaling pathway are directly activated by Ras activation and could be the major mediators of Ras-driven oncogenesis (15) . Regarding the interesting phenomenon that K-Ras has an inhibitory effect on NDRG1 protein in PDAC cancer cells (Fig. 1) , while NDRG1 abrogate cancer cell growth of PDAC cancer cells (Fig. 2) , we decided to decipher whether the K-Ras downstream signaling was changed upon NDRG1 overexpression. Herein, we performed western blotting to observe the phosphorylated and total protein level of Akt1, the direct mTOR target p70/p85 S6 kinase (S6K) and ERK1. Noteworthy, in both cancer cell lines, elevated NDRG1 led to marked decrease of phosphorylated Akt1, S6K and ERK1 protein level relative to control cells, while there was no change on total Akt1, S6K and ERK1 protein level, indicating NDRG1 has inhibitory effect on MAPK and Akt/mTOR signaling (Fig. 3A) . Akt/mTOR signaling has been shown to stimulate translation of HIF1α mRNA and elevate HIF1α protein level (16) , which has been implicated in regulating many of the genes, contributing to 'Warburg effect' providing cancer cells with a growth advantage (4,17). These results above implied that HIF1α was a potential target of NDRG1 in terms of inhibiting cancer cell growth. Therefore, we conducted additional studies to investigate alterations on HIF1α in the two pancreatic cancer cell lines and human PDAC specimens. Importantly, HIF1α was reduced significantly by NDRG1 in the two cancer cell lines relative to control cells (Fig. 3B) . These data suggested that HIF1α could be a downstream target of NDRG1 in current circumstance and inhibited by NDRG1 in an Akt/mTOR signaling-mediated manner.
Considering the marked effect of NDRG1 on HIF1α expression in pancreatic cancer cells, further investigations were conducted to examine this effect in human PDAC specimens by immunohistochemistry (Fig. 3C) . Similarly, there was a negative correlation between NDRG1 and HIF1α expression in PDAC, which is consistent with our in vitro data using MIA PaCa-2 and PANC-1 cells demonstrating the inhibitory effect of NDRG1 on HIF1α expression in PDAC (Fig. 3C) .
NDRG1 inhibits glucose metabolism and promotes mitochondrial respiration in pancreatic cancer cells.
The ECAR is an important measurement of glucose metabolism and reflects the lactic acid-induced acidification of the medium surrounding cancer cells. Considering the inhibitory effect of NDRG1 on pancreatic cancer cell growth, further studies were conducted to examine whether NDRG1 could modulate glycolysis metabolism of these pancreatic cancer cells, which control the energy feed for cell growth. Noteworthy, in both MIA PaCa-2 and PANC-1 cells NDRG1 expression decreased the ECAR as expected (Fig. 4A) , especially from 20 min to 60 min, which imply that it plays a suppressive role in lactic acid formed during glycolysis. Cellular oxygen consumption reflects mitochondrial respiration and can be measured by the OCR. To further investigate this novel finding, the above studies were complemented by OCR experiment to assess the effect of NDRG1 on the 'metabolism switch'. Conversely, OCR experiment demonstrated that when MIA PaCa-2 and PANC-1 cells overexpress NDRG1, they exhibited higher OCRs comparing to control cells (Fig. 4B) , indicating that NDRG1 is a positive regulator of basal mitochondrial respiration in pancreatic cancer cells.
NDRG1 downregulates transcription and expression of glucose metabolism related enzymes.
The studies above indicated that NDRG1 suppress pancreatic cancer cells metabolic level of glucose, while enhanced the mitochondrial function. To further elucidate the underlying mechanism of NDRG1 function, we conducted qRT-PCR to examine whether several key enzymes of glucose metabolism, including GLUT1, HK2, LDHA and PDK1, were affected by NDRG1 at mRNA level. For both MIA PaCa-2 and PANC-1 cells, we observed consisted results that the mRNA level of GLUT1, HK2, LDHA and PDK1 was significantly decreased upon NDRG1 expression, relative to the vector control (P<0.05) (Fig. 5A ). Considering our data above showing that NDRG1 significantly decreased GLUT1, HK2, LDHA and PDK1 mRNA in the two cell lines, further studies were performed to examine whether this effect was occurring at the protein level. Therefore, we applied immunoblotting to verify protein levels of GLUT1, HK2, LDHA and PDK1 in response to NDRG1 in both cell-types. Similarly, in comparison to the control cells, there was a marked reduction of GLUT1, HK2, LDHA and PDK1 protein in the presence of NDRG1 overexpression in both cell lines (Fig. 5B) . In summary, these results suggest that the effect of NDRG1 on these key enzymes is occurring at both transcription and post-transcription levels. To decipher the inhibitory effect of NDRG1 on metabolism of pancreatic cancer cells which typically grow within hypoxic conditions, we further performed investigation using HRE reporter assay to assess the role of NDRG1 on HIF1α activity. Both cell lines were transfected with the reporter plasmid. For MIA PaCa-2 cells, NDRG1 overexpression led to significant decrease of HIF1α transcriptional activity relative to control cells (P<0.05), as reflected by HRE-luciferase reporter assay. A similar effect was also observed for PANC-1 cells (Fig. 5C) . These results showed that NDRG1 prevented activity of HIF1α which resulted in the decrease of the four glycolysis enzymes. Collectively, NDRG1 overexpression remarkably reduced mRNA and protein level of GLUT1, HK2, LDHA and PDK1, which is achieved by blocking activity of HIF1α.
Discussion
A series of evidenc has supported the role of NDRG1 in inhibiting cancer growth, development and metastasis (11, (18) (19) (20) (21) . However, complete understanding of its mechanism of action remains an important research goal. This current investigation demonstrates that mutant/activate K-Ras reduces NDRG1 protein via ERK-mediated signaling (Fig. 1) . Moreover, we discovered a unique role of NDRG1 in modulating PDAC cancer cell glycolysis, resulting in inhibited cell growth (Fig. 2) , which is achieved through NDRG1-induced downregulation of HIF1α protein levels and activity (Figs. 3B and 5C ). This effect is further confirmed by immunohistochemical analysis using human PDAC specimens (Fig. 3C) . Furthermore, many glycolysis related-enzymes are found to be reduced at mRNA and protein levels upon NDRG1 overexpression (Fig. 5A and B) and, hence, ECAR as well as OCR is concurrently changed (Fig. 4A and B) . Significantly, this is the first time that this potent metastasis suppressor has been shown to take part in metabolic regulation of PDAC glycolysis (Fig. 6 ).
An emerging theme in cancer biology is that many of the oncogenic mutations which result in tumorigenesis drive the altered metabolism of cancer cells (2, 5, 7) . Cancer cells are addicted to use glycolysis other than mitochondrial oxidative phosphorylation for glucose-dependent ATP production, no matter whether ample oxygen is provided or not, to fuel mitochondrial respiration, a phenomenon known as the 'Warburg effect' (4). Not surprisingly, given its central role in the pathogenesis of PDAC, oncogenic K-Ras has been recently shown to have a key role in multiple aspects of PDAC metabolism (22, 23) . Of note, it seems that a number of well-known tumor suppressors play critical roles in modulating the 'metabolic transformation' to weaken the 'Warburg effect' (24) . It is believed that oncogene and tumor suppressor networks influence the metabolic shift in cancer. Hence, the potent tumor/metastasis suppressor NDRG1, which had been demonstrated to negatively affect cancer growth of PDAC (10), was investigated here in K-Ras network to understand the precise role in PDAC. Our data showed that mutant/activated K-Ras decreased NDRG1 protein level (Fig. 1A and B) . However, when ERK1, the effector downstream of K-Ras, was abrogated by siRNA or specific inhibitor U0126, the inhibitory effect of K-Ras on NDRG1 was reversed indicating that K-Ras inhibits NDRG1 through ERK-mediated signaling.
The K-Ras oncogene has been shown to promote glycolysis so as to drive uncontrolled proliferation and enhance survival of cancer cells (5) . For instance, the glucose transporter GLUT1 is transcriptionally upregulated in response to K-Ras mutations, leading to elevated glucose uptake and glycolysis (5, 25) . In addition to the above mentioned case, glutamine consumption, anomalous pentose phosphate pathway (PPP) and autophagy is also enhanced downstream of K-Ras in different and complementary ways (5, 26) , resulting in 'metabolic addiction' of pancreatic tumor cells. Cell proliferation assay and colony formation assay results suggested that cell growth of pancreatic cancer cells was significantly suppressed by NDRG1 (Fig. 2) , which is in good agreement with previous studies (10, 27) . The ERK1 and Akt/mTOR signaling pathway are direct downstream effectors of Ras, contributing to Ras-driven oncogenesis (15) . However, NDRG1 abrogate cancer cell growth of PDAC cancer cells (10, 27) . Noteworthy, our results demonstrated overexpression of NDRG1 led to significant reduction of phosphorylated Akt1, S6K and ERK1 protein, but had no change on total Akt1, S6K and ERK1 protein level. These data prove that NDRG1 has inhibitory effect on MAPK and Akt/mTOR signaling in K-Ras network, and the interplay of NDRG1 and ERK1 is context-dependent. Figure 6 . Schematic illustration summarizing the inhibitory effect of NDRG1 on glycolysis in pancreatic cancer as suggested in this investigation. K-Ras plays a vital role in modulating NDRG1 protein level in PDAC cancer cells in vitro, which is mediated through ERK signaling. Noteworthy, K-Ras downstream Akt/mTOR signaling is inhibited upon NDRG1 expression, resulting in decease of HIF1α level and activity. Moreover, NDRG1 has a unique role in modulating cancer metabolism of PDAC. The mechanism of inhibiting glycolysis of PDAC involves the NDRG1-mediated down regulation of several glycolysis key enzymes including GLUT1, HK2, LDHA and PDK1. Additionally, NDRG1 is shown to suppress the activity of HIF1α, which may be responsible for inhibition of glycolysis enzymes.
As mentioned above, tissue within PDAC is highly hypoxic. Not surprisingly, this hypoxic microenvironment leads to its complex biology and in particular its cellular metabolism (28) . HIF1α is an important regulator of cellular oxygen homeostasis, and is overexpressed in pancreatic cancer and associated with poor prognosis (6) . Moreover, it is suggested that HIF1α promotes PDAC progression by up regulating VEGF, which is a key inducer of angiogenesis (29) . Intriguingly, NDRG1 expression is associated with a higher differentiation status of the cells and correlated with a better prognosis as well as longer survival in patients with pancreatic cancer (10) . NDRG1 was demonstrated to affect the angiogenic on or off switch of cancer stroma in PDAC through attenuation of NF-κB signaling pathway (27, 30) . Importantly, Akt/mTOR signaling has been shown to stimulate translation of HIF1α mRNA and elevate HIF1α protein level (16) . The present study showed that NDRG1 overexpression decreased both protein level and activity of HIF1α (Fig. 3B) . Immunohistochemical analysis of PDAC specimens further provided supports that high NDRG1 was correlated with reduced HIF1α staining (Fig. 3C) . Collectively, these studies suggest that abundant NDRG1 protein acts as suppressor of HIF1α in PDAC. However, more investigations are needed to elucidate the underlying mechanisms.
One of the consequences of elevated HIF1α is the metabolic rewiring allowing a cell to subsist in low-oxygen environment. The transcription factor HIF1α has been implicated in regulating many of the genes that are responsible for the metabolic difference. Most part of glycolysis related enzymes are directly or indirectly regulated by HIF1α, in the way that HIF1α coordinately modulate the entire process (31) . In PDAC, HIF1α has been shown to mediate metabolic changes downstream of MUC1 in vitro and in vivo (32) . HIF1α stimulates glycolytic energy production by trans-activating genes involved in GLUT1 (33) , inducing LDHA and HK2 expression to catalyze lactate conversion and phosphorylate glucose (34, 35) . Using qRT-PCR and western, we found that NDRG1 reduced GLUT1, HK2, LDHA and PDK1 mRNA and protein level in both cell lines (Fig. 5A and B) , which is accompanied by HIF1α transcriptional activity reduction (Fig. 5C ).
In conclusion, the investigation herein highlights a novel facet of NDRG1 in K-Ras network (Fig. 6 ). NDRG1 inhibits PDAC cancer cell growth via modulating glycolytic metabolism of PDAC (Fig. 6) , which is achieved through suppression of several glycolysis associated key enzymes (namely GLUT1, HK2, LDHA and PDK1) at both mRNA and protein levels, leading to decreased ECAR and improved mitochondrial respiration (Fig. 6) . Moreover, NDRG1-mediated reduction of GLUT1, HK2, LDHA and PDK1 is downstream of HIF1α which was proved to be inhibited by NDRG1 overexpression in PDAC cancer cell lines as well as specimens (Fig. 6) . Therefore, NDRG1 inhibits HIF1α and its downstream key enzymes of glycolysis to exert its notable anti-metabolic switch activity in PDAC.
